Objective: To assess the influence of common mitochondrial DNA (mtDNA) sequence variation on multiple sclerosis (MS) risk in cases and controls part of an international consortium.
Mitochondrial dysfunction occurs early in multiple sclerosis (MS) [1] [2] [3] [4] [5] [6] [7] and plays a substantial role in the axonal degeneration and demyelination observed in the disease. 1 Mitochondrial structural changes, altered mitochondrial gene expression and enzyme activities, increased free radical production, and oxidative damage have all been reported in patients with MS. 2 In addition, mitochondrial DNA (mtDNA) alterations and defective mtDNA repair have been observed in MS 2 ; multiple deletions of mtDNA gray matter are putative important contributors to neurodegeneration in MS. 5 Oxidative damage to mtDNA in active MS lesions also leads to mitochondrial dysfunction and a related decrease in complex I activity 3 as well as axonal degeneration. 3, 4 To date, several small studies have reported individual mtDNA mutation associations with MS; however, these studies focused on selected mutations (see review 8 ). The largest studies focused specifically on examining mtDNA associations with MS did not examine variation across the mitochondrial genome but rather emphasized specific haplogroupdefining variants, yielding inconclusive results. [9] [10] [11] For this study, we investigated the role of common sequence variation across the mitochondrial genome on MS, with emphasis on the risk of developing a primary progressive (PP) MS disease course, in cases from several datasets within the International Multiple Sclerosis Genetics Consortium (IMSGC) and performed replication of significant findings in an independent sample.
METHODS We analyzed the unreported mtDNA variants from a previously published genome-wide association study (GWAS) 12 conducted as part of the Wellcome Trust Case Control Consortium 2 (WTCCC2) project and replicated significant findings in an independent US study of MS. Cases for the discovery study were recruited through the International Multiple Sclerosis Genetics Consortium (IMSGC) and compared with the WTCCC2 common control set complemented by data from the control arms of the GWAS. Details of case ascertainment, processing and genotyping, and sample and genotyping quality control were previously described. 12 We excluded samples with $10% missing mtDNA single nucleotide polymorphism (SNP) data as well as SNPs with .10% missing calls. Of 136 mtDNA SNPs genotyped across GWAS arrays, 115 passed quality measures (missing rate ,10%). All patients with MS met established diagnostic criteria 13 and were non-Hispanic whites. Controls were also white and of European descent and reported no history of chronic diseases personally or in their nuclear family.
A previous study of MS 10 demonstrated that mtDNA associations are especially sensitive to poor case-control matching due to population substructure, which led us to examine only WTCCC2-IMSGC datasets with cases and controls identified from the same country (Finland, Italy, Norway, Sweden, United Kingdom, United States, and Germany). In total, 7,391 cases and 14,568 controls from 7 countries were analyzed for haplogroup and SNP associations. Significant haplogroup and SNP associations were tested for replication in 3,720 cases and 879 controls from a single site (University of California, San Francisco) not included in the discovery GWAS. Replication SNPs were genotyped using custom TaqMan SNP genotyping assays conducted in 384-well plates on the ABI 7900HT Sequence Detection System using SDS 2.3 software. mtDNA variants were also examined for associations following stratification of cases according to disease course (relapsing-remitting MS and PPMS), which was adjudicated from 5 of the 7 discovery countries (Finland, Italy, United Kingdom, United States, and Germany) and the US replication study.
The major European haplogroups were defined using Phylo-Tree. 14 MS and PPMS risk were examined among 2 European super haplogroups (JT and UK), 9 haplogroups (H, V, J, T, U, K, I, W, and X), and 26 mtDNA variants with minor allele frequencies (MAFs) $5%. Unconditional logistic regression was used to obtain odds ratios (ORs) and 95% confidence intervals (CIs) for MS and PPMS. Disease risk was examined for each haplogroup using the remaining haplogroups as a reference. Individual variant associations were examined using logistic regression to test risk associated with the minor allele compared with the common allele. All analyses were adjusted for sex and study country (SAS v 9.4, SAS Institute, Inc., Cary, NC), and analyses of common variants were additionally adjusted for 6 eigenvectors of mitochondrial genetic ancestry derived from principal component analysis (PCA). 15 Standard protocol approvals, registrations, and patient consents. This study was approved by the institutional review boards at each study site for all experiments using human participants. Written informed consent was obtained from all patients participating in these studies.
RESULTS MS cases (n 5 7,391) and controls (n 5 14,568) from 7 countries were analyzed for haplogroup and SNP associations. Significant haplogroup and SNP associations were tested for replication in 3,720 MS cases and 879 controls, and control frequencies for each study population are detailed in table 1. Haplogroup frequencies among 7 discovery study populations (table 2) are consistent with previously observed haplogroup frequencies. 16 An elevated risk of MS (table 3) was detected among haplogroup JT carriers from the pooled discovery datasets (OR 5 1.15, 95% CI 5 1.07-1.24, p 5 0.0002) after adjustment for multiple comparisons (9 haplogroups, critical a 5 0.006). The increased risk of MS (table 3) was observed for both haplogroup J (OR 5 1.11, 95% CI 5 1.01-1.22, p 5 0.03) and haplogroup T carriers (OR 5 1.17, 95% CI 5 1.06-1.29, p 5 0.002). None of the haplogroup associations with MS replicated in 3,720 cases and 879 controls from the independent sample set (table 3) , although power to detect a small effect was limited.
Nominal associations with MS were detected for haplogroups UK (1,656 cases and 3,402 controls; OR 5 0.93, 95% CI 5 0.87-1.00, p 5 0.04) and No haplogroup J carriers were detected among 24 PPMS cases from the Finnish population, so these samples did not contribute to the discovery analysis. To increase the power of PPMS replication, 56 US PPMS cases and 6,510 controls from the GWAS discovery study were combined with 232 PPMS cases and 879 controls from the US-based replication study. Risk for PPMS for haplogroup J among 288 US replication cases was borderline significant (OR 5 1.43, 95% CI 5 0.99-2.08, p 5 0.058, table 4). Altogether, an elevated risk of PPMS was identified among 797 cases from the pooled discovery and replication studies (OR 5 1.43, 95% CI 5 1.14-1.81, p 5 0.002, table 4). DISCUSSION We examined common SNPs across the mitochondrial genome in .7,000 MS cases and .14,000 controls from 7 countries and identified significant haplogroup associations with MS and PPMS. The elevated risk of MS among haplogoup JT carriers in the discovery samples was observed in both haplogroup J and T carriers independently, although the association with haplogroup T was stronger. An elevated risk of PPMS among haplogroup J carriers was identified in 3 discovery populations, with a very strong trend in the replication study. Two large studies previously identified MS associations among haplogroup T (m.4917A.G) carriers from 523 MS cases 11 and haplogroup J (m.13708G.A) carriers from 1,099 MS cases. 10 Determining which mtDNA SNPs contribute to haplogroup associations is confounded by both the number of variants that are diagnostic for each haplogroup and the repeated occurrence of the same mutations on different mtDNA backgrounds. Haplogroup J is defined by SNPs in ND3 (m.10398A.G), ND5 (m.12612A.G and m.13708G.A), HV regions 1 (m.16069C.T) and 2 (m.295C.T), and a noncoding region (m.489T.C). 14 Haplogroup T is defined by 10 mtDNA SNPs located in ND2, ND5, CytB, ATP6, the 12S and 16S ribosomal RNAs, 2 transfer RNAs, and HV region 1. 14 This makes determining function related to genotypes especially challenging, as the clusters of haplogroup-defining SNPs are in complete (or nearly complete) linkage disequilibrium. Thus, cell-based assays will not rule out the effects of each diagnostic SNP. A previous study identified increased survival in haplogroup JT septic patients and showed that survival may be due to an SNP defining haplogroup JT and not haplogroup J-or Tdefining variants. 17 Another study 18 compared European haplogroup J and H mtDNA using cytoplasmic hybrids or "cybrids" (experimental hybrid cells containing mtDNA from different sources placed in a uniform nuclear DNA background), and haplogroup J cybrids exhibited increased mitochondrial transcription levels and a greater than 2-fold increase in mtDNA copy number compared with haplogroup H cybrids. This is one of the few examples demonstrating functional consequences for variants underlying specific haplogroups. Of the several haplogroup J-defining SNPs, the investigators hypothesized that the HV2 m.295C.T variant was the causal SNP, as this is the regulatory region that is responsible for mtDNA replication and stability. 18 It may appear counterintuitive that haplogroup J would be associated with increased MS risk based on the association with increased mtDNA copy number. Enhanced DNA replication may amplify the expansion of heteroplasmic deleterious mutations (a mixture of normal and mutated mtDNA molecules in a cell) with potentially detrimental long-term consequences. 19, 20 In a previous cohort study of US elders, 21 carriers of haplogroup T had a significantly higher risk of developing dementia, and haplogroup J carriers had a significantly steeper longitudinal decline in cognitive function, suggesting that cellbased phenotypes of mitochondrial function may not reflect the complexities of human disease phenotypes. The m.295C.T SNP may not be the only potentially functional haplogroup J-defining variant: m.13708G.A, which is also diagnostic for haplogroup J, encodes the p.A458T, ND5 substitution and is considered a secondary Leber hereditary optic neuropathy (LHON) mutation. 22 As previously mentioned, an earlier study of MS 10 identified a highly significant association for the haplogroup J-defining m.13708G.A SNP. By sequencing a subset of study participants, the authors concluded that the association is due to m.13708G.A and not the other haplogroup J SNPs (including m.295C.T) linked to this variant. The m.13708G.A variant was also significantly associated with pediatric acquired demyelination syndrome (PD-ADS), 23 providing further evidence to suggest that m.13708G.A is the SNP underlying the haplogroup J associations with MS and PPMS identified in the current study.
The lack of independent replication for the haplogroup J association with MS may have several interpretations. Although it is possible that carriers of haplogroup J are not at increased risk of MS, previous m.13708G.A SNP associations with MS 10 and PD-ADS 23 in combination with the replicated PPMS association reported herein all suggest that haplogroup J is a risk factor for MS. The contribution of specific mtDNA variants to disease risk could vary in different ancestral groups due to geographic differences in subhaplogroup structure, leading to inconsistencies between studies. 24 In addition, mtDNA variants that fail to replicate may also show regional variation in interactions with other mtDNA SNPs, nuclear DNA, or environmental factors. [24] [25] [26] For example, it has been suggested that haplogroup J status may increase the penetrance of primary LHON mutations and the risk of disease, 27 although this hypothesis remains controversial. 26, 28, 29 Finally, the observed enrichment (but not exclusivity) of haplogroup J in PPMS suggests an association with rapid disease progression and, accordingly, likely heterogeneity within the typical relapsing-remitting course group, in which the J haplogroup could be associated primarily with rapid transition to the secondary progressive phase. The available dataset was not suitable to test this hypothesis, as large cohorts with extended follow-up will be required.
The current study offered distinct advantages over previous studies examining specific mtDNA SNPs. We examined common variation across the entire mitochondrial genome and adjusted for mitochondrial genetic ancestry derived from PCA. 15 As previously described, 10 appropriate control matching and adjustment for population substructure (e.g., PCA used herein) are critical components for avoiding population stratification and founder effects that can bias mtDNA association studies. 15 For example, the common individual mtDNA SNPs identified in previous smaller studies [9] [10] [11] were not associated with MS risk in the current analysis. By examining MS cases and well-matched controls from 7 countries, we identified associations that were consistent across multiple independent populations. Many of the SNPs that define the European haplogroups J and T occur in genes encoding subunits of oxidative phosphorylation complex I, including the previously identified MS risk SNPs m.4917A.G, ND2 11 (haplogroup T) and m.13708G.A, ND5 10 (haplogroup J). Complex I deficiency is the most frequent cause of bioenergetic dysfunction 30 and accounts for many rare clinical presentations 31 and multiple degenerative diseases beyond MS, [1] [2] [3] [4] [5] [6] [7] 32 including Alzheimer disease, 33 amyotrophic lateral sclerosis, 34 Parkinson disease, 35 and aging. 36 Complex I is a major contributor to cellular reactive oxygen species (ROS) production, 37 and this oxidative damage in active MS lesions specifically leads to mitochondrial dysfunction and a related decrease in complex I activity 3 as well as axonal degeneration. 3, 4 If validated in additional studies, our findings may suggest novel therapeutic targets for MS and PPMS that affect ROS production, 38 apoptosis, 39 and ATP generation. 40 Identifying genetic markers of MS risk and progression may also be useful for classifying individuals who would most benefit from pharmacologic interventions that target the mitochondria.
